Scope-Lipoprotein particle measures performed by nuclear magnetic resonance (NMR), and associated ratios, may be better markers for atherosclerosis risk than conventional lipid measures. The effect of two functional olive oils, one enriched with its polyphenols (FVOO, 500 ppm), and the other (FVOOT) with them (250 ppm) and those of thyme (250 ppm), versus an standard virgin olive oil (VOO), on lipoprotein particle atherogenic ratios and subclasses profiles was assessed.
Introduction
In experimental and human studies, polyphenol-rich foods have shown to improve the lipid cardiovascular risk profile. Thyme extracts decrease total and LDL cholesterol (LDL-C) and increase HDL-C cholesterol (HDL) in animal models [1] , as well as reduce the susceptibility to in vitro LDL oxidation [2] . Plant extracts, such as those from red yeast rice, sugar canederived policosanols, and artichoke leaf, have also been shown to have a LDL-C lowering effect in subjects with moderate hyperlipidemia [3] . Cocoa flavonols increase the HDL-C in human studies [4, 5] . Data from the NHANES study showed that urinary enterolignan concentrations were positively associated with serum HDL-C and negatively associated with serum triglycerides (TG) in U.S. adults [6] . In the EUROLIVE (The effect of olive oil on oxidative damage on European populations) study, sustained consumption of polyphenolrich olive oils have been shown to: 1) increase HDL-C; 2) reduce total cholesterol (TC)/ HDL-C and LDL-C/HDL-C ratios; 3) decrease in vivo lipid oxidative markers, such as oxidized LDL [7, 8] ; and 4) increase HDL cholesterol efflux from macrophages [9] . Supporting these data, a functional olive oil enriched with its polyphenols has also been shown to increase the expression of cholesterol-efflux-related genes [10] .
A relatively new approach for the measurement of lipoproteins is to use nuclear magnetic resonance (NMR), which provide not only total particle counts of the major lipoprotein fractions but also their mean size and size subclass distribution [11] . In several studies the measurement of LDL particles (LDL-P) by NMR was more effective than those of the cholesterol content of the LDL, or apolipoprotein (Apo) B100 concentrations, as a positive risk marker for CHD [12] . Results from large studies such as MESA (Multi-Ethnic Study of Atherosclerosis) [13] , JUPITER [14] , and HPS (Heart Protection Study) [15] , also showed that measurement of HDL particles (HDL-P) appeared to be better than HDL-C as cardiovascular disease risk marker. Also within the MESA study, the LDL-P/HDL-P ratio was shown to be an independent risk factor for CHD [16] .Recently, it has been described that cholesterol-overloaded particles, reflected in the HDL-C/HDL-P ratio, are independently associated with the progression of carotid atherosclerosis in a cardiovasculardisease-free population [17] .
The aim of this work was to assess the effect of two functional olive oils, one enriched with its polyphenols, and the other with them and those of thyme, on the NMR lipoprotein particle profile and atherogenic ratios. We hypothesized that besides its positive effect on the standard lipid profile, the consumption of a polyphenol-rich olive oil rich diet may also improve cardiovascular risk parameters, as determined by NMR, and that this may provide an alternative way to monitor such treatment.
Materials and Methods

Olive oil characteristics
A natural virgin olive oil (VOO, 80 ppm of phenolic compounds (PC)) was used as a control condition, and as a matrix to prepare a functional VOO (FVOO; PC= 500 ppm) by enrichment of the VOO with its own PC. A second functional olive oil was prepared by enrichment of the VOO both with its PC and those of thyme (FVOOT; PC=500ppm (250 ppm from VOO and 250 ppm from thyme)). Olive oils did not differ in fat and micronutrient composition, with the exception of the phenolic content (Supporting Information Table S1 ).
Study subjects
Hypercholesterolemic (TC >200 mg/dL) individuals were recruited from newspaper and university advertisements. Volunteers were preselected when their clinical record, physical examination, and blood pressure were within a predefined normal range and the candidate was non-smoker. Next, complete blood count, routine biochemical laboratory analyses, and urinary dipstick tests were performed. We included candidates with values, other than total and LDL-C, within the reference range for routine haematological and biochemical analyses. Exclusion criteria were the following: LDL-C ≥190 mg/dL, TG≥350 mg/dL, fasting blood glucose >126 mg/dL, plasma creatinine levels >1.4 mg/dL for women and >1.5 mg/dL for men, body mass index (BMI)>35, smokers (>1cigarrete/day), athletes with physical activity (>3000 METS.min/day), hypertension, multiple allergies, intestinal diseases, chronic diseases (i.e diabetes, cardiovascular, etc.), or other conditions that would impair the adherence to the study. All participants provided written informed consent, and the institutional ethic committee (CEIC-IMAS 2009/3347/I) approved the protocol.
Design and study procedure
This work was conducted in the frame of the VOHF (Virgin Olive Oil and HDL Functionality) Study. The trial was a randomized, crossover, double-blind, controlled study. We randomly assigned participants consecutively to 1 of 3 sequences of raw olive oil administration. Participants received a daily dose of 25 mL (22 g) of raw VOO, FVOO, or FVOOT. Administration sequences were: FVOO,FVOOT,VOO (sequence 1, n=11); FVOOT,VOO,FVOO (sequence 2, n=11); and VOO,FVOO,FVOOT (sequence 3, n=11). Random allocation to each sequence was performed using a specific software developed at the Institut Hospital del Mar d'Investigacions Mèdiques (IMIM). Three-week interventions were preceded by 2-week washout periods, in which participants consumed a common olive oil, a mixture of VOO and refined olive oil, with a very low phenolic content, and avoided other types of raw fats as well as olive tables consumption. We chose the 2-week washout period to reach equilibrium in the plasma lipid profile, because longer intervention periods with fat-rich diets did not modify the lipid concentrations [18] . Daily doses of 25 mL of olive oil were blindly prepared in containers and delivered to the participants at the beginning of each intervention period. Containers were assigned a code number concealed from participants and investigators, and disclosed only after statistical analyses completion. We instructed participants to return the 21 containers at the end of each intervention period so that the daily amount of unconsumed olive oil could be registered. 24h-urine and blood samples were collected at a fasting state at the start of the study and before and after each treatment. Plasma EDTA and serum samples were obtained by whole blood centrifugation and preserved at −80°C. The present clinical trial was conducted in accordance with the Helsinki Declaration and the Good Clinical Practice for Trials on Medical Products in the European Community (http://ec.europa.eu/health/files/eudralex/vol-10/3cc1aen_en.pdf). The protocol is registered with the International Standard Randomized Controlled Trial register (www.controlled-trials.com:ISRCTN77500181).
Dietary adherence
We measured 24h-urinary hydroxytyrosol-sulfate and thymol-sulfate, before and after each intervention period as biomarkers of adherence to the FVOO and FVOOT interventions, respectively. Measurements were performed by HPLC-ESI-MS/MS [19] . A 3-day dietary record was administered by the participants at baseline and before and after each intervention-period. Participants were asked to avoid a high intake of foods rich in antioxidants (i.e. vegetables, legumes, fruits, etc.). A nutritionist personally advised participants to replace all types of habitually consumed raw fats with the olive oils catered, and to limit their rich-polyphenol food consumption.
Outcomes and data collection
Main outcome measures were changes in lipoprotein particle atherogenic ratios and subclasses. We assessed outcome measures at the beginning of the study (baseline) and before (pre-intervention) and after (post-intervention) each olive oil intervention period. Anthropometric variables were also recorded. Blood pressure was measured with a mercury sphygmomanometer after at least a 10-minute rest in the seated position. Physical activity was recorded at baseline and at the end of the study and assessed by the MLTPAQ, which has been validated for its use in Spanish men and women [20, 21] . Plasma glucose, TC, and TG were measured using standard enzymatic automated methods and ApoAI and ApoB100 by immunoturbidimetry, in a PENTRA-400 autoanalyzer (ABX-Horiba Diagnostics, Montpellier, France). HDL-C was measured by an accelerator selective detergent method (ABX-Horiba Diagnostics, Montpellier, France). LDL-C was calculated by the Friedewald equation.
Serum samples were shipped to the National Heart, Lung and Blood Institute, National Institutes of Health (NIH; Bethesda, MD, USA). Lipoprotein subclasses measurement was performed by NMR in a Vantera clinical spectrometer, produced by LipoScience (Raleigh, NC, U.S.A.). The NMR LipoProfile test by LipoScience involves measurement of the 400MHz proton NMR spectrum of samples and uses the characteristic signal amplitude of the lipid methyl group broadcast by every lipoprotein subfraction as the basis for quantification. NMR using the LipoProfile-3 algorithm was performed to quantify the average particle size and concentrations of VLDL, LDL, and HDL. Subparticle concentrations were determined for 3 VLDL subclasses (large or chylomicrons: >60nm; [22] . LP-IR, a lipoprotein particle-derived measure of insulin resistance [23] was also assessed.
Sample size and power analysis
Assuming a dropout rate of 15% and a Type I error of 0.05 (2-sided), a sample size of 32 individuals allows at least 80% power to detect a statistically significant difference among groups of 1.5 µmol/L in the total HDL particle number. The population standard deviation of this variable is 4.4µmol/L [17] .
Statistical Analyses
The normality of variables was assessed by the Kolmogorov-Smirnov test. We used the Kruskal-Wallis test or 1-factor analysis of variance (ANOVA), as appropriate, with Bonferroni correction for multiple comparisons, to determine differences in baseline characteristics. Carryover effect was discarded by testing a period-by-treatment interaction term in general linear models. Comparisons among changes were carried out by a covariance model. Age, gender, sequence of olive oil administration, LDL-C, and baseline values were the covariates. The P value for a trend among oils: from VOO to FVOO to FVOOT was assessed. Statistical significance was defined as a P value less than 0.050 for a 2-sided test.
We performed analyses by using SPSS for Windows, version 22 (IBM corp., Armonk, NY, USA).
Results
Characteristics of the study participants
From 62 subjects who were assessed for eligibility, 29 were excluded. Finally, 33 eligible participants (19 men, 14 women) entered the study. One participant in each sequence discontinued the intervention (Fig.1 ). We could not identify any adverse effects related to the olive oils intake. No significant differences in participants' baseline characteristics were observed among sequences of olive oil administration, with exception of the small HDL particles (s-HDL) which were slightly higher in sequence 3 versus 1 ( Table 1) . No changes in daily energy expenditure in leisure-time physical activity were observed from the beginning to the end of the study (data not shown). Table 2 shows the daily dietary intake after intervention periods. Diet was similar in all intervention groups. Participant adherence was good, as reflected in the changes in urinary hydroxytyrosol sulfate and thymol sulfate excretion after olive oil interventions (Fig.2) . Hydroxytyrosol sulfate increased after FVOO (P<0.05). Thymol sulfate increased after FVOOT, the change reaching significance versus those of the other two olive oils (P<0.05).
Dietary intake and adherence
Classical cardiovascular risk factors
Functional olive oils consumption did not change either glucose levels or the classical cardiovascular lipid profile (TC, TG, LDL-C and HDL-C), nor ApoAI or ApoB100 concentrations versus VOO. An exception was a decrease in LDL-C after FVOO, which was significant versus changes after the other two olive oil interventions (P<0.05) ( Table 3) . No changes were observed in blood pressure or BMI associated with the interventions.
NMR lipoprotein particle counts and subclasses
Total LDL-P, IDL-P and total ApoB100 containing lipoproteins concentrations decreased after FVOO, the decrease reaching significance versus changes after VOO and FVOOT (P<0.001). The decrease observed in small LDL particles after FVOO intervention was statistically significant (P<0.05) when compared with the changes observed after FVOOT intervention. LDL particle size decreased after FVOO intervention, the decrease reaching significance versus changes after the other interventions (P<0.05) ( Table 3) .
Comparison among changes after interventions in HDL-related measures (Table 3) showed that both FVOO and FVOOT promoted an increase in large HDL (I-HDL) particles versus VOO (P<0.05). s-HDL particles decreased after FVOO intervention versus changes after VOO and FVOOT (P<0.05). Both functional olive oils increased HDL particle size when comparing with changes after the VOO intervention, the increase being higher after FVOO (P<0.05). Both functional olive oils decreased medium VLDL particles versus VOO intervention, the decrease being higher after FVOO (P<0.05). The average VLDL particle size decreased after FVOO intervention, reaching significance versus changes observed after the other two olive oil interventions (P<0.05). Figure 3 shows the results obtained in the atherogenic lipoprotein particle ratios and LP-IR after FVOO and FVOOT versus control (VOO). The LDL-P/HDL-P ratio decreased after FVOO (P<0.05) versus VOO and FVOOT (P<0.05). Both functional olive oils also decreased the HDL-C/HDL-P and the s-HDL/1-HDL ratios (P<0.05). The decrease in s-HDL/l-HDL after FVOO was higher than that after FVOOT (P<0.05). The LP-IR ratio also decreased after both functional olive oils (P<0.05).
Atherogenic lipoprotein particle ratios and LP-IR
Discussion
In this study, we assessed the effects of polyphenol-rich olive oils on lipoprotein particle atherogenic ratios and subclasses distribution, as determined by NMR. From our results, polyphenols from olive oil decreased LDL-C and the LDL-P/HDL-P ratio, and improved the lipoprotein subclasses by decreasing total ApoB100 containing lipoproteins, LDL and IDL particle concentration, as well as LDL and VLDL particle size. Both, polyphenols from olive oil, and combined equally with those of thyme, decreased medium VLDL particles, increased large HDL particles, decreased s-HDL/l-HDL and HDL-C/HDL-P ratios, and the lipoprotein insulin resistance index (LP-IR) (P<0.05).
LDL-C, LDL-P, LDL size, and the LDL-P/HDL-P ratio have all been shown to be directly associated with the risk of coronary heart disease (CHD) [24, 25] . In the present work, olive oil polyphenols decreased all these cardiovascular risk biomarkers. The decrease in LDL-C observed is in agreement with that recently reported at postprandial state after extra-VOO consumption [26] . Polyphenols from green tea and from herbs have shown to have hypocholesterolemic effects lowering LDL-C in human [27] and animal models [28] . Mechanisms for explaining this effect are still unknown. The decrease in LDL-P after polyphenol-rich olive oil consumption observed in this study is also in agreement with our recent results from the EUROLIVE study with rich-polyphenol olive oil [29] . Concerning the decrease in LDL size, depletion of cholesteryl esters and triglyceride enrichment of LDL particles are associated with a decreased size, as well as an increased density of these particles, and these properties reduce their affinity for the LDL receptor [30] . As a consequence, small and dense LDL are likely to have an increased residence time in the circulation, making them more susceptible to oxidation or glycosylation, which considerably increases their atherogenic potential [31] . Olive oil polyphenols have shown to protect human LDL in vivo from oxidation [7] . In this sense, on November 2011, the European Food Safety Authority (EFSA) released a claim concerning the benefits of polyphenol-rich olive oil consumption protecting the LDL from oxidation [32]. Of all LDL particle biomarkers tested, the ratio LDL-P/HDL-P seems to have the strongest independent association with CHD, with significant net reclassification improvements in the AHA/ACC CHD risk scores [16] .
To date the strong epidemiological association between HDL-C and CHD has failed to be translated into clinical benefit in terms of drug development. HDL, however, encompasses a heterogeneous population of lipoproteins that differ in shape, density, size, surface charge, and antigenicity that could exhibit differences in functionality irrespective of its cholesterol content. Studies reporting associations between HDL particle subclasses and CHD have been conflicting, and it is still unclear whether specific subclasses of HDL are more cardioprotective [33] . In most, but not all population studies [34], small HDL particles are considered to be more strongly associated with increased CHD risk than large HDL [35, 36] . High levels of small HDL particles and/or low levels of the large HDL ones are often present in CHD, ischemic stroke, and type-II diabetes mellitus [37] [38] [39] . In our study we observed a decrease in the s-HDL/l-HDL ratio after both functional olive oils consumption. Our results agree with those previously obtained in the VOHF study, when, by using gradient electrophoresis, an increase in the large less dense HDL (HDL 2 ) and a decrease in the small denser HDL (HDL 3 ) after both functional olive oils was observed, although significance was only reached for FVOOT [40] . Differences among results could be explained by the fact that different methods (NMR versus gradient electrophoresis) and scores for HDL subclasses classification were used.
A potentially important advance in cardiovascular biomarker testing related to HDL is the HDL-C/HDL-P ratio and is considered to be a potential new measure of HDL cardioprotective function [17, 41] . This ratio indicates the enrichment of the HDL particle in cholesterol, and has been shown to be directly related with the atherosclerosis progression in cardiovascular-free individuals [17] . In our study, both functional olive oils decreased the HDL-C/HDL-P ratio versus a natural VOO. Thus, olive oil rich in its polyphenols and those from thyme were able to decrease the cholesterol enrichment of HDL. The most likely mechanism proposed to explain the benefits of this decrease is that cholesterol enrichment of HDL impairs its ability to promote the efflux of cholesterol from peripheral cells, considered to be one of the main HDL anti-atherogenic functions and inversely related to CVD risk. This cholesterol efflux impairment can be explained by the fact that these cholesteroloverloaded HDLs may act as donor more than as acceptors of cholesterol from peripheral tissues [42] . Moreover, HDL particles enriched in cholesterol may be less prone to be recognized by hepatic SR-BI receptors and thus, cholesterol clearance may be compromised. This fact can be explained by the assertion that myeloperoxidase enzyme oxidizes phospholipids and ApoA1 present in large, dense HDL [43] . Moreover, as reviewed by Lee et al., SR-BI have a lower binding affinity for oxidized phospholipids, blocking thus cholesteryl esters transfer from oxidized HDLs to hepatic cells [44] . In addition, cholesterolenriched HDLs become more pro-inflammatory, as well as more prone to be oxidised, which in turn impairs cholesterol efflux [17, 42] .. In agreement with the results obtained in the present study, we also previously reported that olive oil polyphenols increase the efflux of cholesterol in vivo in humans [9] , at least in part due via a transcriptomic effect [10] .
Consumption of olive oils rich in polyphenols promoted a greater HDL stability, reflected in a triglyceride-poor core, and decreased the HDL oxidative status, through an increase in the olive oil polyphenol metabolites content in the lipoprotein [9] . Dyslipidemia among individuals with type 2 diabetes is characterized not only by high TG concentrations and low HDL-C concentrations, but also by decreases in the size of LDL and HDL particles and increases in the size of VLDL particles [45] .In individuals with insulin resistance (IR) and diabetes, VLDL particle size is inversely associated with the glucose disposal rate (GRD) [46] the gold standard for assessing insulin sensitivity, and directly associated with incident hypertension [46] . In our study, FVOO consumption reduced the VLDL particle size in dyslypemic individuals versus the other olive oils, and both functional olive oils were effective, versus VOO, on reducing medium VLDL subclass concentration. Larger VLDL particles have been associated with diabetes [45] , and both large and medium VLDL concentrations with hypertension [46] . The American College of Endocrinology Task Force on the IR Syndrome states the clinical preventive value of identifying individuals with IR [47] . One measure to assess IR is the LP-IR index derived from lipoprotein NMR measurements. LP-IR is directly related with the HOMA index and inversely related with GRD, and has been proposed as a simple method for assessing the risk to develop a prediabetic or diabetic state [23] .In agreement with all the other benefits derived from the consumption of the functional olive oils on the lipoprotein subclasses, both FVOO and FVOOT also decreased the LP-IR index in our dyslypemic individuals.
In summary, sustained consumption of VOO enriched with its PC (FVOO), or equally enriched with them and those of thyme (FVOOT), promoted benefits, particularly FVOO, on lipoprotein subclasses distribution versus a natural virgin olive oil (VOO). Compared with VOO consumption, both functional olive oils decreased the LP-IR index and the atherogenic ratios: HDL-C/HDL-P ands-HDL/l-HDL. FVOO also improved the LDL-P/HDL-P ratio. To the best of our knowledge this is the first time that a decrease in these atherogenic ratios associated to a dietary intervention has been reported. Our results provide first level evidence of the benefits of olive oil polyphenols and those from thyme on lipoprotein subclasses distribution and their associated ratios. Olive oil, a recognized healthy food, can not, however, be readily consumed in large quantities. Thus, polyphenol-enriched olive oil is a way of increasing its healthy properties while the same amount of fat is consumed. Data from this study provide further evidence to recommend polyphenol-rich olive oil consumption as a possibly useful and complementary tool for the management of cardiovascular risk individuals.
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